Abstract: Studies of dissociative reduction processes of electrochromic WO 3-x films were conducted to: (i) evaluate their utility for electroetching and (ii) determine their fundamental mechanistic features to reduce or eliminate their occurrence in normal optical switching and modulation operation of WO 3-x films. We have found that while the small intercalating cations stabilize WO 3-x structure, the large nonintercalating surfactant cations (Et 4 N+, CtMe 3 N+) contribute to the dissociative reduction. While these cations do not affect WO 3-x structure of anodically protected films (E > 0.2 V), they cause surface lattice polarization on electron injection to the conduction band of WO 3-x at lower electrode potentials, in the absence of intercalating cations. We have found that this process is limited to the surface and no structural damage occurs to the underlying film. The mechanistic aspects of the process have been discussed on the basis of experimental voltammetric and electrochemical quartz crystal nanogravimetric (EQCN) measurements and ab initio quantum mechanical calculations.
Introduction
The optical and electrochemical properties of WO 3 films have been extensively explored in view of scientific interests [1] [2] [3] and promising applications for electrochromic films for optical switching and modulation [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , solar energy conversion [15] [16] [17] [18] , photocatalytic detoxification of pollutants [19] [20] [21] [22] [23] , smart windows [24] , gas sensors [25] [26] [27] [28] , and others [24, [29] [30] [31] [32] . Due to the efficient photoconversion, the nanostructured n-WO 3 films have been utilized as photoanodes in solar cells and in photoelectrocatalytic reactors. The change in optical density of WO 3 films controlled by the applied electrode potential has been studied for electrooptical modulation [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . These electrochromic properties of WO 3 films have potential applications for optical communication and electronic display devices. Such applications require electrochromic films with exceptional stability and optical switching processes of high reversibility. Extensive research efforts have been underway in many laboratories to develop such capabilities.
The electrochromic properties of WO 3 films are based on simultaneous injection of electrons to the conduction band and intercalation of small cations from the solution to the cage structure of WO 3 . These processes result in a film color change from transparent (bleached) to a range of colors, depending on the intercalating metal cation and its doping density, and can be represented by reaction equation:
where M + is the intercalating cation (H + , Li + , etc.) and y is the extent of intercalation (0 ≥ y ≥ 1). The crystalline tungsten bronzes M y WO 3 exhibit wide range of colors from deep blue, through green, to yellow, orange, and red. The above process has been found to cause reversible lattice polarization and deformation [6, 33] and the color change has been attributed to the small polaron formation [13, 33, 34] . The stress developed by lattice distortion has been observed experimentally and measured for WO 3 films on thin glass substrates using laser probe deflection technique by Torresi et al. [35] , Dini et al. [36] , and Scarminio [37] and by electrochemical quartz crystal nanobalance (EQCN) technique with isotopic compensation [3] using H + and D + intercalating species.
In previous works [3, 13, 14] , we have investigated fast optical switching in WO 3-x films formed by controlled potentiostatic electrodeposition which provided better film properties for optical electromodulation than other techniques, such as magnetron sputtering [5] , chemical vapor deposition [9] , photochemical vapor deposition [10] , vacuum evaporation [4] , or constant current anodization [7] . Switching speeds of 20 to 50 ms have been observed.
In the present work, the dissociative reduction processes of electrochromic WO 3-x films have been investigated to evaluate basic mechanistic features of these processes to be able to control film properties and performance. Double pulse chronoamperometric and EQCN measurements and ab initio quantum mechanical calculations have been employed in this work.
Experimental Procedures

Chemicals
High purity tungsten metal powder (99.95%) with 1 µm particle diameter, was purchased from Alfa Aesar (Ward Hill, MA, USA). The concentrated (30%) hydrogen peroxide H 2 O 2 and tetraethyl ammonium chloride (Et 4 NCl, TEAC) were obtained from Sigma (St. Louis, MO, USA). Hexadecyl trimethyl ammonium bromide (CtMe 3 NBr, CTAB) was obtained from Alfa Aesar. All other reagents used were of analytical grade purity.
Apparatus
A standard electrochemical setup was employed for voltammetric and nanogravimetric measurements. It consisted of an Elchema Potentiostat/Gal-vanostat, Model PS-205B, an Electrochemical Quartz Crystal Nanobalance, Model EQCN-700 (Elchema, USA), and a Data Logger and Control System, Model DAQ-716v, operating under Voltscan 5.0 data acquisition and processing software. A double-junction saturated (KCl) Ag/AgCl electrode was used as the reference electrode and Pt wire as the counter electrode. Mirror polished gold coated quartz crystal piezoresonators (QC-10Au-PB) with resonant frequency of 9.975 MHz, used as the substrates for working electrodes, were obtained from Elchema. The geometric surface area of the working electrode was 0.1963 cm 2 and the roughness factor R Au = 1.3, as determined by the cyclovoltammetric charge measurements of a standard monolayer oxygen adsorption and a gold oxide electroreduction. The EQCN procedure and interpretation were described previously [38] [39] [40] . The apparent mass changes ∆m were related to the fundamental frequency shift ∆f using the equation: ∆m = -0.8673 ∆f which is based on Sauerbrey theory [38, 41, 42] . The apparent mass change includes changes in the film mass and effects due surface stress [3] .
Procedures
Tungsten trioxide films were synthesized by the electrochemical deposition procedure described earlier [20, 43] . Briefly, the electroplating solution for tungsten trioxide deposition was prepared by dissolving a metallic tungsten powder (1 g) in concentrated (30%) H 2 O 2 (5 mL). After the exothermic reaction has ended, the solution was diluted with 2-propanol (20 mL) and distilled water (45 mL [44] with 6-31G* basis set and pseudopotentials, semi-empirical PM3 method, and density functional theory (DFT) with B3LYP functional and 6-31G* basis set, embedded in Wavefunction Spartan 6 [44, 45] . The electron density and local density of states (LDOS) are expressed in atomic units, au -3 , where 1 au = 0.529157 Å and 1 au -3 = 6.749108 Å -3 .
Results and Discussion
The electrochromic switching between colored and bleached states in WO 3-x films is associated with reversible intercalation of small cations (H + , Li + ) into the oxide lattice channels. Therefore, in an ideal case, the apparent mass of the film measured using EQCN should increase during cathodization in proportion to the mass of intercalated cations. However, due to the compressive stress generated by WO 3 lattice expansion, an additional frequency shift is observed in EQCN measurements [3] . Both frequency shifts (i.e. the component due to mass loading and the component due to compressive stress) increase with increasing degree of intercalation. Typical EQCN frequency shift and current transients recorded for a WO 3-x film during potential switching between E 1 = +0.5 V and E 2 = -0.9 V vs. Ag/AgCl reference in a standard 10 mM H 2 SO 4 solution are presented in Fig. 1 .
The reaction equation for intercalative electroreduction of WO 3-x can be represented as follows:
where x is the nonstoichiometric coefficient which is generally small (0 ≥ x ≥ 0.3). Here, the reduction of the net valence state of tungsten atoms from W +6-2x to W 6-2x-y is compensated by intercalation of M + cations to satisfy the film electroneutrality. Typical concentration of color centers obtained during cathodic potential pulse is 2.65 × 10 21 cm -3 . Note that the reproducibility of voltammetric and nanogravimetric characteristics when repeated after a defined time, e.g. one minute, is excellent and the new curves are virtually indistinguishable from previous once, which means that random errors are negligible. A small drift is often observed between the first and second consecutive switching cycles. This drift is diminished in the next cycles and disappears completely within a few cycles (typically four-five cycles). Owing to the high sensitivity of the EQCN method, differences between first cycles for electrodes prepared under different conditions can be readily discernible.
The intercalation of H
+ cations into a WO 3-x lattice, triggered by an applied cathodic potential, is associated with a cathodic current flow (as depicted in Fig. 1 ) and therefore, the intercalation participates in a WO 3-x electroreduction process.
We have found that in the absence of small intercalating cations, the electroreduction of a WO 3-x film proceeds through a completely different path. In this section, we want to describe experiments performed to document this type of WO 3-x film behavior. The solutions used in these experiments were based on large organic cations, Et 4 N + and CtMe 3 N + , which can not penetrate lattice channels in WO 3-x because of large size.
In Fig. 2 , presented are chronoamperometric and nanogravimetric EQCN transients for a QC|Au|WO 3-x film electrode recorded in 10 mM TEAC. As seen in curve 1, the cathodic current flow during potential pulse to E 1 = -0.5 V, is not associated with any increase in the apparent mass of the film as observed in the case of H 2 SO 4 solutions (see Fig. 1 ). Instead, a large apparent mass decrease is observed upon cathodization. This decrease is several times larger than the apparent mass increase associated with H + intercalation and indicates that a completely different type of process is involved. In addition to that it becomes evident ( Fig. 2b ) that this process is totally irreversible since the apparent mass loss in the cathodic pulse E 1 is not recovered in the following anodic pulse E 2 = +0.5 V (recovery R ≈ 0%). Similar behavior has been observed for solutions containing 10 mM CTAB (Fig. 5 , curve 1'). On the basis of the above information, we assume that the electroreduction process we are dealing with is an irreversible electrodissolution of WO 3-x . The analysis of mass vs. charge plot shown in Fig. 2c , shows an initial experimental slope (∂m/∂Q) ini = 682 ng mC -1 which increases to (∂m/∂Q) fin = 992 ng mC -1 at the end of cathodization and falls of to (∂m/∂Q) an ≈ 0 ng mC -1 during the anodic pulse.
A ten fold increase in TEAC concentration results in even larger apparent mass loss, as illustrated in Fig. 3 . During the 10 s cathodic potential pulse to E 1 = -0.5 V, a huge apparent mass loss ∆m = -790 ng was encountered.
Again, the mass loss was not recovered during the anodic potential pulse E 2 = +0.5 V (R ≈ 0%) confirming total irreversibility of the electroreduction process. The mass vs. charge plot shown in Fig. 3b gives the experimental slope of (∂m/∂Q) exprtl = 808 ng mC -1 . By repeating the potential pulse sequence of Fig. 3 several times, the entire WO 3-x film can be reductively stripped off. Note that this is not a chemical dissolution of WO 3-x since the mass loss at the conditioning potential, E cond = +0.5 V, is negligible and (∂m/∂t) E=+0.5V ≈ 0.
The reaction equation representing irreversible electroreduction of WO 3-x in the absence of intercalating cations can be represented as follows:
In the first reaction, the release of tungstate species is accompanied by the increase in WO 3-x non-stoichiometry, whereas in the second reaction, the deficiency in oxygen is balanced by water decomposition, which is not uncommon for lower tungsten oxides. The theoretical molmass gains (losses) calculated for the above reactions lead to the mass-to-charge ratios: 1.284 µg mC -1 and 1.201 µg mC -1 (for x ≈ 0), respectively. The experimental slopes are quite large ranging from 0.68 to 0.99 ng µC -1 but they are still less than theoretical predictions. The following modifications of theoretical values of (∂m/∂Q) theor have been attempted: (i) taking into account the hydration water for WO 3-x (for potentiostatically grown films with hexagonal crystallographic structure, we can assume formula:
, but it makes the slopes (∂m/∂Q) theor slightly higher rather than lower: 1.315 and 1.233 ng µC -1 , for reactions (3) and (4), respectively; (ii) assuming for the degree of non-stoichiometry a reasonable value x = 0.15, we obtain a small decrease of (∂m/∂Q) theor for reaction (4): 1.189 ng µC -1 , but this does not influence (∂m/∂Q) theor for reaction (3) . Hence, there is no other possibility to obtain lower theoretical slopes (∂m/∂Q) theor , but to assume that some intercalation is still taking place with H + formed at the film surface by water dissociation. In order to verify this hypothesis, we observed if color changes occur during the irreversible WO 3-x reduction process. It appears that some coloration of the film does take place although to lower intensity than that observed in a standard 10 mM H 2 SO 4 solution. Therefore, we can estimate relative contributions of the dissolution (p) and intercalation (1-p) processes by considering the following equation: (5) where (∂m/∂Q) ed and (∂m/∂Q) int are the theoretical slopes for reaction (3) and (2), respectively. By substituting appropriate values for the slopes (∂m/∂Q), this equation is converted to:
leading to p = 0.636. In the last equation, the experimental slope was taken from the data of Fig. 3 and the theoretical slope for intercalation (reaction (1)) was augmented by the stress component as observed experimentally for these films [3] . Hence, the contribution of electrodissolution to the film reduction process is in this case ca. 64%.
The reversible electroreduction of WO 3-x films can be restored after dissociative reduction by immersion in mixed solutions, e.g. in 10 M TEAC + 20 mM H 2 SO 4 , as illustrated in Fig. 4 . During the cathodic potential step to E 1 = -0.5 V, the EQCN measurements show only an apparent mass increase (due to mass loading and compressive stress) and during the anodic pulse to E 2 = +0.5 V, most of this apparent mass gain is released. The characteristics of Fig. 4 
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Similar experiments performed with CTAB ( Fig. 5 , curve 1) lead to the maximum mass loss of 162 ng, which is less than that observed with TEAC of the same concentration (mass loss: 405 ng).
The intermediate case when both the intercalation and electrodissolution take place and can even be separated is analyzed in more details in Fig. 6 for 100 mM TEAC + 100 mM H 2 SO 4 solution. As in other potential pulse experiments, the shape of i-t curve is barely affected and does not signal any special events in this experiment. However, the EQCN transient in Fig. 6a shows first an abrupt apparent mass increase ∆m A (section A) when potential is stepped from E cond = +0.5 V to E 1 = -0.5 V. The quantity ∆m A corresponds to ∆m observed during normal H + intercalation and thus, it can be attributed to this process. However, after ca. 2 s of cathodization, the intercalation process should tend to a stable level and no further apparent mass changes should have been observed. Contrary to this expectation, the apparent mass suddenly begins a downfall (B) which continues until the end of cathodic pulse. The process in section B bears more of a similarity to the electrodissolution described in previous section, although the rate of a mass loss is not as high as in 100 mM TEAC solution alone. In Fig. 6a , we have: (∂m/∂t) B = 10 ng s -1 , whereas in 0.1 M TEAC: (∂m/∂t) ave = 80 ng s -1 (Fig. 3a) . After the anodic pulse application (E 2 = +0.5 V), the apparent mass abruptly decreases (section C) by similar amount it gained in section A. The apparent mass decrease on anodization can thus plausibly be ascribed to the H + de-intercalation process. The most difficult for interpretation is perhaps the process responsible for partial recovery of apparent mass loss in section D. Let's remind that there was basically no mass recovery after the electrodissolution described earlier (cf. Fig. 3) . Also, the reduction potential E 1 = -0.5 V is not low enough to allow for full reduction of WO 3 to metallic W 0 which could then be reoxidized to WO 3 in the anodic pulse. The most likely process responsible for the partial mass recovery D is the process of partial refilling of oxygen vacancies (7) created in reactions (3)- (4):
Complex intermediate transient behavior of WO 3-x electroreduction
To gain more insights into the intriguing mechanisms of transient behavior of WO 3-x films, we have performed the analysis of mass-to-charge dependences. The m-Q plot is presented in Fig. 6b .
The mass vs. charge plot (Fig. 6b ) for this intermediate system shows a highly irreversible four-branched curve, unlike any other analyzed so far. The experimental slopes of (∂m/∂Q) exprtl , marked A-D (corresponding to sections A-D in Fig. 6a) , are as follows [ng mC -1 ]: (A) 18.9, (B) 58.0, (C) 9.9, (D) 259.4. The last value, which is related to the partial recovery of WO 3-x is between the theoretical slope corresponding to reaction (7) and that for the reverse of reaction (3), which are: 82.2 ng mC -1 and 1284 ng mC -1 , respectively. Therefore, we can assume tentatively that these two processes together may contribute to the partial WO 3-x recovery, along with contributions from frequency shifts due to the changes in the lattice stress.
From the nanogravimetric CV characteristic presented in Fig. 7 , it becomes apparent that a slow decrease of apparent mass of a QC|Au|WO 3-x electrode in 0.1 M TEAC solution begins at a potential E = +0.5 V (the initial potential) and continues down to E = -0.135 V (the slope: (∂m/∂E) = 34.1 ng V -1 ). This small apparent mass decrease is likely to result from the double-layer effects (decrease of adsorbed chloride ion excess with decreasing potential).
A substantial apparent mass decrease begins at the potential E = -0.175 V and the decrease continues at more negative potentials, attaining the rate (∂m/∂E) = 1.173 µg V -1 in the potential range from E = -0.35 V to E = -0.5 V. This apparent mass decrease is evidently due to the cathodic electrodissolution of WO 3-x and is associated with mass-to-charge ratio: (∂m/∂Q) = 756 ng mC -1 (Fig. 7b) , which is close to that observed in pulse experiments of Fig. 3 . In the return anodic going scan, the mass decrease continues up to E = -0.3 V and then levels off. The completed potential cycle shows a net apparent mass loss: ∆m = -450 ng. These CV results, as well as the potential pulse results discussed before, suggest clearly that the WO 3-x dissolution process stops immediately after the cathodic current ceases and anodic protection is turned on.
Other processes
The analysis of electrodissolution processes of WO 3 would not be complete if chemical dissolution pathways were not considered. These processes can takes place at open circuit or in parallel to electrode reactions when a given potential is applied.
The main reactions:
are discussed below. The first reaction leads to the increased non-stoichiometry of the remaining tungsten oxide film and represents a disproportionation reaction whereas the second reaction is driven by the reduction of water and H 2 heneration. We have measured the rest potential E r of a WO 3-x film electrode in deoxygenated 0.1 M TEAC solutions and the obtained values of E r are generally above the hydrogen evolution potential. Therefore, reaction (9) is not likely to contribute to chemical dissolution of the film and can be discarded. If we limit our considerations only to soluble tungsten(VI) species, the chemical dissolution of WO 3-x would come to exhaustion at the highest non-stoichiometry factor x of the given stable crystallographic phase. On the other hand, it becomes obvious that the presence of oxygen in the solution may alleviate the increasing non-stoichiometry requirement of reaction (8) by driving the opposite, oxidative dissolution process of the type:
Note that the reaction with oxygen may also proceed without film dissolution, as shown in the reaction equation:
The latter reaction results in mass gain, whreas reactions (8)-(10) result in mass losses.
The WO 6 -octahedral structure of tungsten trioxide leaves empty cages capable of transporting and storing metal cations of different sizes with little or no expansion of the crystallographic unit cell. This is represented in Fig. 8a by the metal cation M centered inside a cage formed by eight WO 6 octahedra in an ideal cubic structure. In practice, often the crystal structure is considerably distorted as the WO 3 films of low crystallinity or even completely amorphous are formed (Fig. 8b) . The presence of different phases of WO 3 including triclinic, monoclinic, orthorhombic, and hexagonal [46] [47] [48] adds to the structural complexity. This inherent disorder, in addition to the lattice polarization effects and electronic structure variation due to the changes in interatomic distances, makes the theory of intercalation more complex than is generally realized.
In the following ab initio quantum mechanical calculations, we analyze the distribution of electrostatic potential, as well as the HOMO and LUMO local density of states in an attempt to evaluate destabilizing forces leading to the dissociative reduction described in previous sections. The idealized cubic tungsten bronze structure with y ≈ 0 is employed.
In Fig. 9 , the electron density surface with electrostatic potential map is presented. It is seen that in the (WO) 4 ring, in the plane of the figure, the oxygen atoms show a lower electrostatic potential than the W atoms do. This (WO) 4 ring forms the gate for intercalating cations and the narrowness of the gate determines the intercalation effectiveness. The cations are both attracted to oxygens of the ring and repelled by tungsten atoms of the ring.
The size of the gate in the ring is sufficiently large to let different cations in, provided that they are unhydrated. The dehydration however, is carried out with difficulty for many aqueous cations. As the size of hydrated cations is much larger than unhydrated, the unobstructed intercalation is not common. In the scope of this work, we will consider hydronium ion, EtN + and CtMe 3 N + cations, the latter two being unhydrated. Other cations will be considered elsewhere. It appears that hydronium ion (2r = 3.48 Å) barely fits into the gate and so the dissociation is unavoidable. In previous studies [3] , we have shown in EQCN measurements with normal and heavy water that it is just hydrogen that intercalates, not the hydronium ion.
Interestingly, in the phase WO 3 •1/3H 2 O which forms in electrodeposition from aqueous solutions, the proton that intercalated into a (WO 3 ) 8 cage faces six neighboring cages, and on average two of them contain one extra water molecule, each. Therefore, it is not unlikely that the intercalation process comprises proton jumps from one water molecule to another without actual transfers of hydronium ion through the (WO) 4 gates. Indeed, the electrochemically deposited electrochromic WO 3 films show the fastest response of any WO 3 films grown by other techniques [4, 5, 7, 9, 10] . This mechanism is also supported by the fact that water molecule diameter (2r = 3.33 Å) is smaller than that of H 3 O + (2r = 3.48 Å) and hence, separate jumps of water molecules and of protons (between intercalated water molecules) should be more facile than transport of undissociated H show that the cation length is 25.7 Å and the size of the head group is 6.1 by 4.9 Å (as determined from the distances between farthest H-atoms in various directions plus van der Waals radius of H, r = 1.2 Å). Therefore, the CtMe 3 N + cation is also a non-intercalating cation. During the electroreduction cycle, the intake of electrons from the electrode substrate into the conduction band of WO 3-x results in unequal spacial charge distribution but the unevenness is less pronounced than the charge distribution before the charge injection. These two states are characterized in Fig. 11 by the HOMO and LUMO maps coded on the electron density surface (d = 0.002).
The HOMO map in Fig. 11a shows low density of valence electron states on oxygen atoms in the (WO) 4 gating ring. This must be the weak link in which further depletion of electrons may result when large non-intercalating cation, such as Et 4 N + ion, is interacting with the three non-bridging surface oxygen atoms of the neighboring tungsten atom. This analysis corroborates to the conclusions of Ramana et al. [46] concerning WO 3 stability which pointed to the plane of oxygens (the plane containg only the bridging oxygens and no tungsten atoms) as the plane of adjustments during phase transitions. Interestingly, the recently reported syntheses of WO 3 films in the presence of surfactants [50, 51] also showed low film stability. In contrast to this depletion effect, the intercalating cations, such as H 3 O + , Li + , etc., will cause the electron density increase in bridging oxygen of (WO) 4 rings since these oxygen atoms are the closest atoms to the intercalated cation localized in near the center of the (WO 6 ) 8 cage.
Therefore, the unobstructed intercalation of cations is stabilizing the cage structure of WO 3 , whereas the nonintercalating large cations contribute to the dissociative reduction of WO 3-x by increasing the lattice polarization and weakening the briding oxygen bonds.
Conclusions
The experimental and theoretical studies of dissociative reduction of electrochromic WO 3-x films have been carried out to evaluate fundamental processes stabilizing the WO 3-x film structure and to further our knowledge of processes leading to the film degradation. The aim of the investigations has been to gain control of the dissociative reduction processes to be able to utilize them for etching purposes and to avoid them in standard optical switching or modulation operations which require high reversibility and outstanding film durability. We have found that the non-obstructive intercalation of cations stabilizes WO 3-x film structure, as expected, which is desirable for robust and durable electrochromic and gasochromic films. We have also found that the non-intercalating large surfactant cations (Et 4 N + , CtMe 3 N + ) contribute to the dissociative reduction. These cations do not affect the WO 3-x structure when film is anodically protected (E > 0.2 V) but they cause surface lattice polarization on electron injection to the conduction band of WO 3-x at lower electrode potentials (E < -0.2 V) in the absence of intercalating cations. From the analysis of valence band electron distribution, we have established that the weakest link in the WO 3-x structure is the bridging oxygen bond which is depleted with valence electrons. The surface lattice polarization results in weakening and breaking of the bridging oxygen bonds. We have determined that this is a surface process and any damage to the underlying WO 3-x structure is not occurring. We have shown that films subjected to dissociative reduction in 100 mM TEAC solution and showing large mass loss can be further used by simple medium exchange. Results of detailed investigations of the current and mass transients in response to potential pulses and scanning have been presented. The dissociative reduction can be utilized in controlled electroetching of WO 3-x films to obtain specified nanoparticle size (for instance, for fast ingress/egress of intercalating cations) and low surface recombination of electron-hole pairs (e.g. in photoanodes for solar energy conversion and for degradation of industrial pollutants).
